Recently, there have been reports of six bright, dispersed bursts of coherent radio emission found in pulsar surveys with the Parkes Multi-beam Receiver. Not much is known about the progenitors of these bursts, but they are highly-energetic, and probably of extragalactic origin. Their properties suggest extreme environments and interesting physics, but in order to understand and study these events, more examples need to be found. Fortunately, the recent boom in radio astronomy means many 'nextgeneration' radio telescopes are set to begin observing in the near future. In this paper we discuss the prospects of detecting short extragalactic bursts, in both beamformed and imaging data, using these instruments. We find that often the volume of space probed by radio surveys of fast transients is limited by the dispersion measure (DM) of the source, rather than its physical distance (although the two quantities are related). This effect is larger for low-frequency telescopes, where propagation effects are more prominent, but, their larger fields-of-view are often enough to compensate for this. Our simulations suggest that the low-frequency component of SKA 1 could find an extragalactic burst every hour. We also show that if the sensitivity of the telescope is above a certain threshold, imaging surveys may prove more fruitful than beamformed surveys in finding these sorts of transients.
INTRODUCTION
Fast radio bursts (FRBs) are amongst the most violent and energetic events in the Universe. To date, there have been six bright, highly-dispersed bursts found in beamformed surveys for fast transients (Lorimer et al. 2007; Thornton et al. 2013) . The progenitors of the bursts are unknown, but the limited data that we have on them point towards extreme environments and interesting physics. Their dispersion measures (DMs), indicate that they are likely to be from outside of our Galaxy, and probably at cosmological distances (their inferred redshifts are z ∼ 0.1 − 0.9). Although their exact distances (D) and intrinsic pulse widths (τ0) are not well constrained, all of the bursts are known to be highly energetic, coherent emitters -FRB 010724 had a brightness temperature ∼ 10 compact regions (with upper limits on the diameters ranging from 300 − 1500 km). Keane et al. (2012) argued that FRB 010621 could potentially be explained as an annihilating mini black hole or a 'giant pulse' from a young pulsar with a low burst-rate, but only if the NE2001 model of the Galactic electron-density (Cordes & Lazio 2002 ) is sufficiently incorrect as to allow the burst to originate from inside our Galaxy. They found no consistent explanation for FRB 010724, although Lorimer et al. (2007) noted that the implied rate of occurrence is compatible with that of gammaray bursts.
As well as being interesting in their own right, these objects are also potentially powerful tools for studying the intergalactic medium (IGM). They vary on very short timescales, allowing us to measure the dispersive delay and scatter broadening timescale, which can be used to determine the density and spatial distribution of electrons along the line-of-sight. They may also prove useful for cosmological measurements if the bursts are standard, or 'standardizable', (Phillips 1993) candles.
In order to study and understand this population of objects, it will be necessary to find many more of them.
All of the known bursts have been found through 'pulsarlike' beamformed observations at relatively high frequencies (∼1.4 GHz), but, because FRBs are so bright, they may also be detectable in images. Note, in this paper we choose to use 'beamformed' to describe pulsar-like observations, even though in some cases beams are not formed digitally. Beamformed surveys have been successful in the past, and they are known to be sensitive to these bursts and to other bright single pulses (e.g. Rotating Radio Transients, 'RRATs', . However, the localisation of the sources is relatively poor, and in some cases, it can be difficult to distinguish real pulses from radiofrequency interference (RFI, see Burke-Spolaor et al. 2011) . Imaging surveys could (in some circumstances) offer a better localisation of the source, and are also potentially more robust against RFI, but because the bursts are so rapid and radio images have a practical limit on their shortest exposures, some of the sensitivity of the survey may be lost. In this paper, we compare the number of simulated FRBs detected in imaging and beamformed surveys with several 'next-generation' radio telescopes. We also investigate the effects of dispersion and scattering on the bursts and determine the most effective observatories for locating such events.
PROPAGATION EFFECTS
As pulsed emission passes through an ionised plasma it interacts with electrons along the line-of-sight, and becomes distorted by dispersion and scattering. The peak flux of a pulse is reduced, and the emission becomes smeared out in time, making it more difficult to detect. Although propagation effects are particularly prominent at low frequencies, they need to be considered at all frequencies when trying to determine the rate of short bursts. In the following section we summarise the two propagation effects we consider here.
Dispersion
The frequency-dependent refractive index of a cold, ionised plasma, means that any signals propagating through it are dispersed. Emission at frequency, ν (in MHz), is delayed with respect to emission at infinite frequency by, ∆tDM (in s):
where DM is the dispersion measure in units of pc cm −3 . In beamformed analysis, this delay can be addressed either by channelising the data and compensating for the delay in each channel, significantly reducing the effects of dispersion across the band ('incoherent dedispersion', Large & Vaughan 1971) , or applying a frequency-dependent delay to the raw voltage data directly and completely removing the dispersive delay ('coherent dedispersion ', Hankins & Rickett 1975) . Coherent dedispersion is the more precise method, but typically incoherent dedispersion is used in blind searches for pulsars and fast transients, as coherent dedispersion is usually too computationally expensive.
Whilst dedispersion makes searching for new objects more difficult, once the correct DM of a source is known, Figure 1 . A boxcar pulse with initial pulse density S ν0 (black line) is scatter broadened by the interstellar medium. Its peak flux density is reduced to Sν and its profile changes (grey line), increasing the pulse width to ∼ τ 2 0 + τ 2 s .
it can be removed. Dispersion also provides a good way to discriminate between a real signal and radio frequency interference (RFI), as terrestrial signals do not typically follow a ν −2 law. The fact that all of the previously reported bursts follow the dispersion law so well, remains the strongest evidence that they are of astrophysical origin. As the dispersive delay depends only on the number of electrons along the line-of-sight, and not their distribution, the dispersive delay will follow the same ν −2 law in both the interstellar medium (ISM) and the intergalactic medium (IGM). However, the relation between the DM and the column density of electrons of redshifted sources will be different from that predicted theoretically and observed for Galactic sources (see Ioka 2003 , for a more detailed discussion).
Scattering
As radio waves propagate through a plasma, they are also scattered by fluctuations in the electron density along the line-of-sight. This results in multi-path propagation, which temporally broadens narrow pulses. In the simplest case of a scattering screen located midway between the source and observer this effectively convolves the narrow pulse with a one-sided exponential with scattering timescale, τs 1 (see Figure 1 ). Detailed reviews of interstellar scattering can be found in Rickett (1990) and Narayan (1992) .
The scatter-broadening time of a pulsed signal passing through the ISM is related to the DM by the empirical function derived by Bhat et al. (2004) , log τs = 2.12 + 0.154 log(DM) + 1.07(log DM) 2 − 3.86 log ν,
1 Multi-path propagation also blurs the pulses spatially, increasing the observed angular size of the source by θs ∼ τsc D
. We do not consider this effect here, however, because the distance to the source is typically large. To blur a source 1 kpc away by 10 arcseconds, τs ∼ 250 seconds.
where ν is the observing frequency in MHz, and τs is the scatter broadening time in s. Although, it should be noted that observed values of τs for a given DM can deviate from the predicted value by up to two orders of magnitude and the frequency-dependence of τs depends strongly on the distribution of the electron density along the line-of-sight.
As the peak flux is typically used as the detection threshold it is important we address how it is affected by scattering. When a pulse is scattered, it is smeared out over a longer time, reducing the peak flux density. If we assume that the unscattered pulse is a step function with intrinsic width τ0, and a peak flux density of Sν0, then its intrinsic fluence is F = Sν0τ0. As the pulse is broadened by scattering, the fluence at a given frequency, Fν is given by:
where Sν , is the observed peak flux density at frequency, ν.
If we assume that the fluence is conserved by scattering (i.e. any emission scattered out of the line-of-sight is balanced by emission scattered into it), then the peak flux is given by:
At high frequencies (or low DMs), where τ0 >> τs, the peak flux is approximately constant, but when τs τ0, scattering causes the peak flux to decrease as Sν ∝ 1/τs (∝ ν 3.86 , if the scatter-broadening follows Equation 2). At low observing frequencies (or high DMs), the temporal pulse broadening is large, and there is a significant reduction in peak flux.
Scatter-broadening of extragalactic sources has only been observed twice (Thornton et al. 2013) , and is therefore not well understood, but current observations suggest that it is probably quite different from the scattering seen from the ISM. It has not yet been possible to measure the distribution of electrons in the IGM, but one possibility is that the density fluctuations are less significant than those seen in the ISM. The so-called 'lever-arm' effect is also expected to reduce scatter-broadening; the observed effect is maximised when scattering material is concentrated halfway between the observer and the source. So, because most of the scattering material will be concentrated in the ISM of our Galaxy and the host galaxy, the scatter-broadening of extragalactic sources may be reduced (Lorimer et al. 2013) . This is consistent with the findings of the two known FRBs, which, despite having large DMs, showed very little scatter broadening (in many cases, significantly less than what was expected from Bhat et al. 2004, see Table 1 ).
Propagation Effects in Known FRBs
We find it appropriate here to compare the properties of the previously reported bursts. The relation between the observed width, W , and the intrinsic width, τ0 can be written as:
where τDM is the dispersive delay across a single channel; for a frequency resolution ∆ν, an observing frequency of ν and a dispersion measure DM, the dispersive smearing is: τDM = 4.5(DM/500 cm −3 pc)(∆ν/3 MHz)(1400 MHz/ν) 3 ms; τs is the unknown scattering time; and τsamp is the sampling time of the observation. Unless the pulse is completely resolved, and the scatter-broadening can be measured (as for FRB 110220, see Thornton et al. 2013) , the extent of the scatter-broadening is unknown and we can only place an upper limit on the intrinsic pulse width of any detected signal. FRB 010724 (010621) had an observed pulse width of 4.6 ms (8.3 ms) at an observational frequency of 1400 MHz. Removing the dispersive smearing gives (τ
1/2 , i.e. an upper limit on the intrinsic width (at 1400 MHz), of 3.1 ms (4.8 ms), with a corresponding upper limit on the size of the source of ∼ 900 km (∼ 1400 km) which is much smaller than the minimum allowed radius of a white dwarf. Similarly, the FRBs found by Thornton et al. (2013) also seem to have narrow intrinsic pulse widths, the only pulses with W > 2 ms seem to have been scatter broadened. In what follows we consider intrinsic pulse widths of 1 ms. All FRBs have DM values in excess of the maximum expected contribution from the Galaxy along their respective lines-ofsight. This places them outside the Galaxy, and using the model of Ioka (2003) we can infer redshifts between z ∼ 0.1 − 0.9 for the sources. Using a cosmological model (e.g. ΛCDM) we can infer a distance and thence a luminosity. This line of reasoning leads to the conclusion that the bursts are very bright, ∼ 12 orders of magnitude more luminous than the typical pulses seen from pulsars, and ∼ 6 orders of magnitude more luminous than the brightest pulse ever observed from the Crab pulsar (see Figure 1 of . We note that the dependence on frequency of the flux density and the pulse width is seen to be quite steep for FRB 010724 but very flat for FRB 010621 (although if either of the bursts was detected away from the centre of the telescope beam, the spectral index would appear steeper than it actually is). The spectral indices of the bursts from Thornton et al. (2013) were all consistent with being flat. In our simulations below we consider a wide range of spectral indices 2 and show the results for all cases. Some properties of the bursts are summarised in Table 1 .
RATE CALCULATIONS

Determining Rates of FRBs
As there are only six known FRBs, it has so far been impossible to properly determine the luminosity function of the bursts. So, for the purposes of this paper, we will assume that the bursts are standard candles, which emit over all frequencies following a constant spectral index. It then follows that the number of events which will be seen in a given observation (N obs ) is given by:
where ρ0 is the rate at which the events occur per unit time per unit volume, t obs is the total amount of observing time, and V obs is the volume of extragalactic space being probed in the observations. We note that, as FRBs are at cosmological distances, the co-moving volume must be used for this calculation. For a given instrument, which is sensitive to bursts above a given luminosity out to a co-moving radial distance of Dmax and has a beamshape B, this is given by:
Br 2 sin θdrdθdφ
Generally the beamshape will not depend on r, so we can rewrite the equation as:
where Ω is the integrated surface area of the beamshape in steradians 3 . Typically, in the local Universe, Dmax varies as S −1/2 min (the minimum-detectable flux density) which, combined with Equations 6 and 8, gives rise to the well-known N ∝ S −3/2 relation. In radio surveys for 'fast' transients, however, propagation effects are important. Dispersion delays the pulse with decreasing frequency and scattering broadens the pulse, reducing its peak flux. This means that Dmax may be limited by the dispersion and scatter broadening along the line-ofsight rather than the luminosity and distance to the source. A significant contribution to the DM of extragalactic bursts comes from our Galaxy 4 (and any putative host galaxy). Because it reduces the peak flux of the signal, this component of the DM effectively reduces the observable volume of the Universe. The rest of the DM comes from the IGM. This intergalactic DM (DMIGM, in pc cm −3 ), may be related to the redshift of the source (Ioka 2003) :
Note, the value DMIGM given by Ioka accounts for the fact that the observed emission has been cosmologically redshifted. This redshift can be converted into a co-moving radial distance using CosmoCalc (Wright 2006) , with the cosmological constants derived from the latest Planck results (H0 = 68 km s −1 , ΩM = 0.32, ΩΛ = 0.68, Ade et al. 2013) .
3 Ω ≈ a 2 if we assume the beam is a square step function, and Ω ≈ 2πa 2 for a circularly symmetrical gaussian beam with (small) angular width a. More complex beam patterns (for example, that of LOFAR), are most easily determined by integrating the beamshape numerically. 4 The maximum Galactic DM ranges from ∼20-2000 pc cm −3 depending on the line-of-sight (Cordes & Lazio 2002) .
The dispersion and scattering in the ISM and the IGM mean that, in radio surveys, the flux density of dispersed transients will appear to drop more quickly with distance than expected from the inverse-square law. There is an additional effect which needs to be considered which arises because the optimal signal-to-noise ratio (SNR) of a given dataset is achieved when the binning time of the data is approximately equal to the pulse width. If this time is too short, then not all of the pulse is observed, and if it is too long then unnecessary noise is added to the signal, effectively increasing the minimum flux we are sensitive to (and therefore reducing the observed volume). The combination of the luminosity, distance, propagation effects and binning time makes Dmax difficult to determine analytically, so we use simulations to determine the rate of FRBs, and the volume of the Universe sampled by several next-generation observatories.
Simulations
We simulated pulses (with 1 ms intrinsic width, assumed to be standard candles with the mean specific luminosity of the six known bursts; 50 Jy Gpc 2 at 1400 MHz 5 ) propagating through space, and interacting with the ISM and IGM, then being observed with a range of integration/binning times. For our calculations, we assume that the fluence of the pulse is conserved through scattering; if this is not the case, the sensitivity to scattered FRBs will be reduced. Binning times for beamformed observations were limited to 0.001 s < t bin < 0.1 s, and the integration times for images were chosen to be 1 s < tint < 10000 s. The lower limit of 1 s for imaging surveys was arbitrarily chosen to distinguish between imaging and beamformed observations. If images are taken on shorter timescales, then the imaging rates will improve because they will be more sensitive to unscattered FRBs. The dwell times for the simulated observations were chosen to be 600 s for beamformed observations, and 10000 s for imaging observations. Care should be taken when selecting a dwell time for FRB observations to ensure the dwell time is significantly longer than the dispersive delay across the band, so the probability of detect-ing the whole dispersed pulse (and hence the sensitivity of the observation) is maximised. We assume that beamformed data are perfectly dedispersed, and images are not dedispersed at all. The simulations are performed for DMs from 0 − 6000 pc cm −3 (z ∼ 0 − 6, where z ∼ 6 corresponds to the end of cosmic reionization in Ioka's simulations). For beamformed observations, we assume that the entire fieldof-view can be tiled out with coherently combined beams, which have the same sensitivity as imaging observations. Noise levels were based on expected values for the effective area and system temperature of operating and planned telescopes from the scientific literature and scaled assuming the integrated noise ∝ √ tint (see Table 3 for the specific parameters used to simulate each observatory). The electron distribution in the IGM is not well known, but because the concentration of electrons is thought to be lower in the IGM, we anticipate that the scatter-broadening of pulses by the IGM may be lower than that of our Galaxy. Any contribution to the DM or scatter-broadening from a host galaxy will also be reduced because it will be redshifted from higher frequencies. We therefore simulated two scenarios:
(i) High Scattering -The IGM causes temporal scatter broadening which follows the Bhat et al. (2004) relation (the same as the ISM).
(ii) No Scattering -There is no temporal scatter broadening.
The real rate will lie between these two extremes. Where not specified, the Galactic DM is assumed to be 150 pc cm −3 , which is the mean DM of all directions in the sky (based on the NE2001 model, Cordes & Lazio 2002) .
Rate of the Parkes FRBs
We calculate ρ0 by applying our simulations to the surveys which found the known FRBs. The surveys concerned are the Parkes Magellanic Clouds Pulsar Survey (MCS, Manchester et al. 2006) , the Parkes Multi-beam Pulsar Survey (PMPS, Manchester et al. 2001) , and the High Time Resolution Universe Survey (HTRU, Keith et al. 2010 ). All surveys were undertaken using the Parkes Multi-beam receiver (see Table 3 for instrumental properties). The MCS observed for a total of 480 hours, the PMPS observed for a total of 1800 hours, and at the time of the publication of Thornton et al. (2013) , 552 hours of the HTRU had been searched for FRBs. One FRB was found in the MCS and the PMPS, and four were found in 24% of the HTRU. We used our simulations to determine the volume of sky covered in each survey, and then used that to determine ρ0.
We find that in both of the proposed scattering scenarios, the MCS was limited by the maximum value of DM the data were dedispersed to, the DM range used was 0 − 500 pc cm −3 (∼ 75 pc cm −3 of which was Galactic), the survey was sensitive to Dmax ∼ 1.9 Gpc. The fieldof-view used in our simulations is significantly lower than that of Lorimer et al. (2007) This leads to a slightly higher estimate of the event rate, ρ0 = 98
Gpc −3 day −1 . In the high-scattering simulations, the PMPS was limited by scatter-broadening, and was sensitive out to Dmax ∼ 2.5 Gpc, giving a rate of 12 +27 −9 Gpc −3 day −1 . In the no-scattering simulations, the PMPS was limited by the DM range searched, 0 − 2200 pc cm −3 (∼ 250 pc cm −3 of which was Galactic), Dmax ∼ 5.5 Gpc, yielding a significantly lower value for the event rate, ρ0 = 1.1 +2.5 −0.9 Gpc −3 day −1 . Note that the agreement between the rates from the two surveys is significantly reduced when the IGM does not scatter-broaden the pulses, although the rates are roughly compatible in both cases. The HTRU was also limited by scatter-broadening in the high-scattering simulations (Dmax ∼ 2.5 Gpc, ρ0 ∼ 143
Gpc −3 day −1 ), and by the DM range searched in the no-scattering simulations (Dmax ∼ 5.2 Gpc, ρ0 ∼ 17 +13 −5 Gpc −3 day −1 ). The rates derived from the HTRU are more compatible with the rates from the MCS than the PMPS. The reason for this may be because most of the observations from the PMPS were in directions closer to the Galactic plane, where local scatter-broadening and dispersion are strongest. Thus, the true event rate may be closer to the high-scattering simulations for the PMPS, and the no-scattering simulations in the MCS and HTRU observations.
To find the combined rate of all of the Parkes surveys, we multiplied the Poissonian distributions implied from the calculated rates together, and found ρ0 = 51 +31 −14 Gpc −3 day −1 for the high-scattering simulations and 5.3 +3.1 −1.4 Gpc −3 day −1 for the no-scattering simulations. These are the values we use in all subsequent simulations. The true event rate lies somewhere between these two values, and from the observational evidence of the 6 known bursts, probably closer to the no-scattering simulations. So (as was discussed in Lorimer et al. 2007) this is compatible with rates for short GRBs and neutron star inspirals, but significantly lower than the rate of core-collapse supernovae unless the bursts are beamed (see Table 2 ). We note that the DM range searched is the limiting factor in the no-scattering simulations for all surveys, so we predict that reprocessing the data out to a higher DM will yield new FRB detections.
Other Observatories
Using the rates derived from the Parkes surveys, we applied our simulations to other existing and planned observatories to determine which will be most suitable for finding FRBs. The observatories considered, and the observing parameters used in the simulations are summarised in Table 3 . We note that even if the occurence rate changes significantly as more FRBs are discovered, the relative performance of the telescopes shown in these plots will remain accurate, and the detectable numbers will simply be scaled by a constant factor. It is clear from the figures that in the low-scattering simulations, beamformed observations are typically more efficient at finding FRBs than imaging observations, however, in telescopes which are very sensitive (eg. SKA-mid), imaging surveys are competitive. In the high-scattering simulations, imaging surveys are often much more effective. We note that, as the amount of scatter-broadening is not known a priori, both imaging and beamformed observations are needed to maximise chances of detection. One can also see that the field-of-view of the telescope makes a big difference. This is most obvious when comparing ASKAP and the Parkes telescope in the no-scattering beamformed simulations. Whilst both telescopes observe at similar frequencies, ASKAP is slightly less sensitive, but should find many more FRBs because of its much larger field-of-view (although this relies on the assumption that the enitre field-of-view can be tiled out with coherently-added beams in beamformed mode). MeerKAT also observes at the same frequency, is far more sensitive, and has a much wider bandwidth, but because the field-of-view is only one square degree, it will find FRBs at a slightly lower rate than Parkes, and at a significantly lower rate than ASKAP.
SEARCH STRATEGIES
Matched Filtering
Matched filtering is used to maximise the SNR of a given dataset. This is done by correlating noisy data with a noiseless template approximating the shape of the underlying signal being searched for. Since the shape, and width of the pulse are not known a priori this is most simply done by iteratively summing adjacent samples. This technique is commonly used in single pulse searches of beamformed data (Cordes & McLaughlin 2003) , and should also be applied when searching for transients in images. Images should be searched on a range of timescales (i.e. varying integration times) in order to tune observations to pulses of different widths.
For scattered bursts, the shape of the signal at a given frequency is an exponentially-decaying pulse, e −t/τs . The integrated signal of the pulse increases as τs(1 − e −t int /τs ), whilst the integrated noise level increases as √ tint. Therefore, the SNR as a function of integration time, tint, scales as:
the peak of this function occurs when tint ≈ τs. This is complicated by the frequency evolution of the pulse, but from our simulations, we find that generally, as adding noise only reduces sensitivity by 1/ √ tint, the optimum integration time is approximately equal to the scatter-broadening time at the bottom of the band. Using a range of integration times makes the data sensitive to pulses of different durations. This part of the search process is particularly important for low frequency surveys, where scatter broadening means that pulse-widths can range from a few milliseconds to several hours.
Line-of-Sight
The specific lines-of-sight used will have a significant impact on the sensitivity of a transient survey. Scattering significantly reduces the peak flux of a pulse, so maximal sen- sitivity to extragalactic sources is achieved when observing away from the Galactic plane (|b| 10 • ), where the electron density along the line-of-sight, and therefore the scatter-broadening time, is lowest. This will impact all radio transient surveys, but is particularly important at low frequencies. Figure 4 shows the number of FRBs expected to be observed per hour using the LOFAR HBAs (black lines) and ASKAP (grey lines) in our high-scattering simulations as a function of the Galactic DM along the line-of-sight (see Table 3 for the specifications of the telescopes used in the The solid lines correspond to imaging observations, and the dashed lines correspond to beamformed observations. The spectral index used for these simulations is α = −2.0, but changing the spectral index only affects the scale of the figure, and does not impact shape of the curves significantly. The observing parameters of both observatories are given in Table 3 . simulation). The contribution from the host galaxy is assumed to be small, but we do consider the contribution from the IGM. The solid lines show the rates for imaging observations, and the dashed lines show the rates for beamformed observations. For LOFAR beamformed observations, choosing a 'clear' line-of-sight can improve the chances of detecting an FRB by a factor of ∼ 10 4 . For ASKAP (a higher frequency instrument), the effect is smaller, but still makes a significant difference. The effect is less pronounced in imaging observations, but still important. It should be noted that the simulations used to produce Figure 4 do not include the lever-arm effect, and because this will reduce scatter-broadening, the trend may be slightly exaggerated. However, even in the no-scattering simulations, choosing a line-of-sight with a low Galactic DM still increases the volume of extragalactic space probed.
Dedispersion
Dedispersion is only beneficial for detecting FRBs when the dispersive delay across the band (∆tDM) is larger than the observed width of the pulse (W ). Figure 5 shows ∆tDM/W as a function of DM for a pulse detected at a central frequency of 1500 MHz with 1000 MHz bandwidth in the highscattering simulations. At low DMs, W is dominated by the intrinsic width of the pulse and it is not necessary to dedisperse the data because ∆tDM is small. ∆tDM increases with DM until it exceeds the intrinsic pulse width, at which point dedispersion becomes necessary. This is the regime which FRBs (and pulsars) are normally detected in beamformed surveys. However, above a certain DM, the scatterbroadening of the pulse, which increases more rapidly with DM than the dispersive delay, means that W eventually exceeds ∆tDM again. Thus, for highly-scattered sources, it is not beneficial to dedisperse the data. It is these highlyscattered objects which would be the targets of imaging surveys for FRBs. At low frequencies, or with narrower bandwidths, the critical DM at which scatter broadening exceeds ∆tDM is shifted to lower DMs. For example, using the maximum bandwidth available with the LOFAR high band antennas (96 MHz), with a central frequency of 150 MHz, the SNR of observations is not improved by dedispersion for DMs above ∼400 pc cm −3 . For the LO-FAR low band antennas (80 MHz bandwidth, centred on 60 MHz), dedispersion does not enhance our sensitivity for DMs above ∼250 pc cm −3 . The bursts we are interested in occur outside our Galaxy, which means they typically have DMs > 150 pc cm −3 from the Galactic dispersion along the line-of-sight, and the dispersion from within their host galaxy. So, although LOFAR imaging observations will not be dedispersed, that should not impact their chances of detecting such bursts significantly.
Imaging vs. Beamformed Observations
Imaging surveys are competitive with beamformed surveys in finding FRBs when the scattering of the pulse is significant. This is because images are inherently more robust against RFI (affected stations can be removed and spurious sources can be rejected when they do not appear point-like, although with better RFI-removal algorithms the difference between imaging and beamformed data could be reduced), and more stable on long timescales. In addition, because the more distant elements of an array are easier to include in imaging observations, finding FRBs in images could offer a much better localisation of the source, and could help to associate it with a host galaxy. Unfortunately, producing images which have integration times shorter than a few minutes is often difficult because short integrations have reduced UV-coverage, which can lead to difficulties calibrating and cleaning the data correctly. Exceptions to this include arrays with good instantaneous UV-coverage, and situations where the burst dominates the flux in the field-of-view. Also, there is a practical limit on the shortest images, which is set by the shortest possible correlator time, so images are less sensitive to short bursts, and may be unable to resolve scatter broadening or dispersion (although this limit has been improved radically, see Law et al. 2011) .
This means that imaging observations are not as efficient as beamformed observations for short-duration pulses. In addition, dedispersion significantly increases the SNR for short pulses, and becomes vital when scatter-broadening is small. Because of the amount of extra processing required, this is impractical on imaging datasets but is easily manageable on beamformed data, which tend to have much lower data-rates. When scatter-broadening is important, however, imaging observations are much more robust. It is easy to introduce long-timescale fluctuations into the baselines of beamformed data, which reduce the sensitivity to very scattered bursts. For example, with LOFAR, bright sources moving in and out of the sidelobes of the beam can cause the baseline to fluctuate on timescales of a few minutes. Where possible, fast transient surveys should perform observations with both imaging and beamformed data as both modes probe different areas of pulse-width parameter-space.
CONCLUSIONS
The next generation of radio telescopes should find a large population of FRBs. In the most optimistic scenario, the low-frequency component of SKA1 could find up to 1 FRB per hour. However, FRB searches must be optimised, in order to increase the probability of detection. The instantaneous field-of-view should be as large as possible, FRBs are bright and do not require much sensitivity to detect, but they are quite rare, so probing a large volume of space is beneficial. This volume can in some circumstances be limited by the range of DMs searched, so processing to very high DMs (e.g. up to at least 6000) will maximize new discoveries. The line-of-sight through the Galaxy should be chosen carefully to minimise any local contribution to scattering and dispersion. Finally, matched filtering should be employed in both imaging and beamformed surveys of transients -the sampling time should be matched to the duration of the bursts to maximise detection. In the case of typical imaging surveys, this means that the data should be imaged on a range of timescales from seconds to hours. Imaging surveys for FRBs in some circumstances can be competitive with beamformed observations, and it should be possible to detect FRBs in imaging surveys for 'slow' transients. Any such detections would be very useful because of the potential to identify the host of the event. We also note that imaging surveys probe different pulse widths than those of beamformed surveys, and could be effective at detecting the potential population of highy-scattered FRBs. As the extent of the scatter-broadening is not known a priori, the most effective use of telescope time would involve simultaneous beamformed and imaging surveys.
